We have investigated the influence of deformation-induced defects on the isothermal precipitation at 550°C in as-quenched ͑solute-supersaturated͒ and annealed ͑solute-depleted͒ Fe-Cu and Fe-Cu-B-N alloys by positron annihilation spectroscopy and hardness tests. Using the coincidence Doppler broadening technique, the evolution of local environment at the positron annihilation sites ͑open-volume defects, Cu precipitates, and matrix͒ was monitored as a function of the aging time. For all samples, plastic deformation causes a pronounced change in S and W parameters signaling the formation of open-volume defects. For the as-quenched samples, aging results in a sharp decrease in the amount of open-volume defects combined with the rise of a strong copper signature, which can be attributed to preferential copper precipitation at the open-volume defects introduced by plastic deformation. In contrast, the open-volume defects of the annealed samples can only be reduced partially. Both the hardness tests and the positron annihilation spectroscopy indicate that the addition of B and N to the Fe-Cu alloy causes a significant acceleration of the precipitation in the as-quenched alloys.
I. INTRODUCTION
Steels are among the most widely used construction materials as their mechanical properties can be tailored to obtain the required combination of strength and formability. However, in highly demanding applications, the lifetime of steels is limited due to the accumulation of damage. This damage causes the formation of ultrafine cracks that subsequently grow and finally lead to fracture of the components.
Recently it was realized that creep damage can be selfhealed in boron-and copper-containing austenitic stainless steels by dynamic precipitation of these elements from the supersaturated matrix, resulting in a significant improvement in the creep lifetime. [1] [2] [3] The precipitates partially fill the nanoscale open-volume defects and thereby prevent further growth. Self-healing is a promising new approach in the design of future steels with a longer component lifetime.
In order to fully understand the role of these alloying elements and the influence of thermomechanical history on the defect-induced precipitation responsible for self-healing, additional studies on less complex low-alloyed steel grades are desirable. Therefore, high-purity Fe-Cu and Fe-Cu-B-N model alloys have been prepared in order to identify the physical mechanism responsible for self-healing in ferritic steels ͑body-centered-cubic matrix͒ and subsequently apply the results to introduce these concepts in industrially steel grades.
The precipitation of copper from supersaturated Fe-Cu alloys has been investigated extensively, both experimentally [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and theoretically. [18] [19] [20] [21] It is now generally accepted that, in the initial stages, fully coherent Cu precipitates inherit the body-centered-cubic ͑bcc͒ structure of the ␣-Fe matrix. When reaching a critical diameter of approximately 4-6 nm, the growing bcc precipitates undergo a martensitic transformation to a less coherent 9R structure. At sizes larger than 15-17 nm, a second transformation to the more stable 3R structure takes place before the Cu precipitates adopt their final equilibrium face-centered cubic ͑fcc͒ structure. The full transformation sequence for copper precipitation in Fe-Cu alloys is given by bcc→ 9R → 3R → fcc for increasing aging time. As far as the composition of Cu precipitates is concerned, the Cu precipitates are almost pure Cu at sizes above 4-5 nm, but there exists contradicting information about the initial stage of the precipitation process. Investigations performed with atom probe analysis consistently report that the early Cu precipitates contain a significant fraction of Fe ͑in some cases, even in excess of 50 at. %͒, [8] [9] [10] [11] which was later supported by thermodynamic calculations. 21 This technique, nevertheless, can generate a large statistical error and underestimate the solute concentration in small precipitates due to the finite probe resolution. In contrast, results obtained with small-angle neutron scattering ͑SANS͒ ͑Refs. 12-14͒ and positron annihilation [15] [16] [17] suggest that the precipitates are almost pure Cu with only minor amounts of Fe. Interpretation of the SANS experiments however depends on a priori knowledge of the magnetic state and the atom density of the small Cu clusters, which causes some uncertainty in the determination of the composition of the Cu precipitates in the initial stage of the precipitation process. The composition of the metastably ultrafine bcc precipitate in the Fe-Cu system is therefore still an open question.
So far, however, limited information is available on the influence of open-volume defects and/or additional alloying elements on the Cu precipitation. It is well known that openvolume defects ͑vacancies, vacancy clusters, and dislocations͒ facilitate the diffusion of solutes and thereby accelerate the precipitation, which is expected to promote the selfhealing of metals by dynamic precipitation. Dislocations, which are easily multiplied by deformation, are found to accelerate the diffusion of impurities by almost 3 orders of magnitude compared to bulk diffusion. 22 Positron annihilation is one of the few techniques that can probe the evolution of open-volume defects and nanoscale precipitates within the bulk of the material. Nagai and co-workers 23 monitored the copper precipitation of an undeformed Fe-Cu ͑1.0 wt %͒ alloy by the evolution of the coincidence Doppler broadening ͑CDB͒ spectra during thermal aging at 550°C for aging times from 0.1 to 312 h. Subsequently, Onitsuka and co-workers 24 studied the effect of rolling deformation on the isochronal precipitation of the Fe-Cu ͑1.0 wt %͒ alloy by positron annihilation spectroscopy. They observed the formation of Cu-vacancy clusters and proposed that the diffusion of Cu atoms was enhanced by deformationinduced excess vacancies that are mobile at room temperature. In addition, the interaction of irradiation-induced vacancies and Cu aggregations in Fe-Cu model alloys was studied by Nagai and co-workers 25 and by Hasegawa and co-workers. 26 They concluded that the irradiation results in a vacancy-solute complex that speeds up the precipitation. These irradiation studies however give limited insight in the deformation-induced precipitation as the main defects in iron induced by deformation are dislocations rather than vacancies. 27, 28 Although the binary Fe-Cu alloys have been widely studied, little is known about the effect of microalloying of copper-containing alloys with boron and nitrogen. The addition of boron and nitrogen was found to suppress creep cavity growth in copper-containing stainless steels leading to a higher rupture strength and a higher rupture ductility. 3 The effect of boron and nitrogen on the copper precipitation mechanism was however not clarified.
In order to establish the potential for self-healing of defect-induced precipitation and the role of added boron and nitrogen in copper-based iron alloys, we have investigated the isothermal Cu precipitation at 550°C in high-purity Fe-Cu and Fe-Cu-B-N alloys after tensile deformation by positron annihilation spectroscopy measurements and hardness tests. Employing as-quenched ͑solute-supersaturated͒ and annealed ͑solute-depleted͒ samples, a quantitative analysis of contributions from the three positron annihilation sites, i.e., open-volume defects, Cu precipitates, and matrix, has been performed by fitting the CDB spectra measured before deformation, after deformation, and for aging times up to 96 h by a linear combination of the reference spectra.
II. EXPERIMENTAL
In our studies, we compared the precipitation kinetics in deformed Fe-Cu and Fe-Cu-B-N alloys by positron annihilation spectroscopy. The chemical composition of the investigated alloys is listed in Table I . For comparison, pure Fe ͑99.99+ %purity͒ was used. All alloys were produced in sheets of 10ϫ 10 cm 2 with a thickness of 0.5 mm by Goodfellow. From this material, dog-bone ͑I͒-shaped samples were cut by spark erosion for tensile deformation tests. The samples were solution-treated at 850°C for 1 h in evacuated silica tubes filled with 200 mbar ultrahigh purity ͑uhp͒ argon gas and subsequently quenched into water. For the asquenched ͑AQ͒ samples, the alloys are in a supersaturated state. Before aging at 550°C, part of the samples was subsequently annealed at 700°C for 2 h and cooled at a very slow rate of 20°C / h in a vacuum furnace ͑Ͻ3 ϫ 10 −4 Pa͒. For the annealed ͑Ann͒ samples, most of the solutes are believed to be depleted in the alloys. Part of the samples was subjected to tensile deformation up to a strain of 8% in a 2 kN microtensile tester ͑Deben͒.
Hardness tests were performed on samples that were aged for 0-100 h at a temperature of 550°C in a salt bath. For the hardness tests, a Buehler microhardness tester was used with a Vickers microhardness indenter, a load of 4.9 N, and a holding time of 15 s. Before the optical microstructure observations, the specimens were etched in a 2 vol % nital solution. In order to perform positron measurements for varying aging times, the samples were heated in a vacuum furnace ͑Ͻ3 ϫ 10 −4 Pa͒ to a temperature of 550°C for increasing aging times between the positron experiments.
The coincidence Doppler broadening spectra were measured by using a 22 Na positron source and two HPGe detectors to record both annihilation photons in coincidence. Compared to single detector Doppler broadening measurement, this gives a much better peak-to-background ratio ͑ϳ10 5 ͒ with an energy resolution of 1 keV at 511 keV. This resolution corresponds to a momentum resolution of 4 ϫ 10 −3 m 0 c ͑full width at half maximum, FWHM͒, where c is the velocity of light and m 0 is the electron rest mass. The activity of the used 22 Na positron source was about 2 MBq. Total counts of more than 1.5ϫ 10 6 were accumulated for each spectrum.
By measuring the Doppler shift in the energy of the 511 keV annihilation gamma quanta, information about the momentum distribution of the electrons, involved in the positron annihilation, is obtained. All the measured coincidence Doppler broadening spectra were divided by the spectrum of the reference material, i.e., defect-free pure Fe. The shape of the curve in the high-momentum region ͉͑p L ͉ Ͼ 10ϫ 10 −3 m 0 c͒ of the thus-obtained relative momentum distributions exhibits the characteristic features of positrons annihilating with their inner orbital electrons and thus gives insight in the elemental configuration at the annihilation site. In its simplest form, two parameters ͑S and W͒ are derived from the Dopplerbroadened 511-keV photon peak reflecting a onedimensional projection of the three-dimensional momentum distributions of the annihilating positron-electron pairs. 25, 29 The S ͑shape͒ parameter represents annihilations with ͑low-momentum͒ valence electrons and is calculated as the ratio of the number of counts in a fixed momentum window ͉͑p L ͉ Ͻ 3.1ϫ 10 −3 m 0 c͒ around the center of the peak to the total counts. Similarly, the W ͑wing͒ parameter is obtained from the contribution of annihilations with high-momentum core electrons in the interval 9.2ϫ 10 Figure 1 shows an example of a measured momentum spectrum with the regions from which the S and W parameters are calculated. At open-volume defects, the probability of annihilations with high-momentum core electrons is locally decreased. This results in a higher S parameter and a lower W parameter.
III. RESULTS AND DISCUSSIONS

A. Aging curves
In Fig. 2 , the effect of aging at a temperature of 550°C on the hardness for the as-quenched Fe-Cu and Fe-Cu-B-N alloys with and without an 8% plastic predeformation is shown. For the undeformed alloys, the typical age-hardening behavior for copper precipitation is observed. The peak hardness is reached at about 6 h for the Fe-Cu alloy and 4 h for the Fe-Cu-B-N alloy. The 8% plastic predeformation leads to a significant increase in the initial hardness caused by coldwork hardening, which reduces during aging. For the Fe-Cu alloy, the hardness of the deformed sample with 8% prestrain slightly decreases in the initial stage of aging due to the recovery of dislocations. The hardness subsequently increases rapidly and stays above that of the undeformed sample in the underaged and peak-aged regime, but seems to be below it in the overaged stage. For the Fe-Cu-B-N alloy, the hardness of the deformed sample is higher than that of undeformed sample in the peak-aged regime, while the aging curves almost overlap in the underaged and overaged regimes.
A comparison of the aging behavior of both alloys in Fig.  2 indicates that the Fe-Cu-B-N alloy has a faster response than the Fe-Cu alloy. This means that the precipitation of Fe-Cu alloy is accelerated by the addition of B and N. The time to reach peak hardness was found to be relatively insensitive to the predeformation: only for the Fe-Cu alloy the predeformation seems to result in a minor reduction in the time to reach peak hardness. For comparison, the hardness of the ͑undeformed͒ annealed samples is indicated by the solid line on the right side of the figures. For both alloys, the annealed samples have a higher hardness than the asquenched by over 20 Vickers hardness numbers, which is comparable to the extrapolated values expected for aging times of about 200 h.
The results for the Fe-Cu alloy with 1.1 wt % Cu are in good agreement with earlier hardness studies on binary Fe-Cu alloys. 12, [30] [31] [32] Both the peak hardness and the aging time to peak are in between those reported for 0.8 wt % Cu ͑Ref. 30͒ and for 1.3 wt % Cu, 12 and very close to that reported for 1.0 wt % Cu. 32 The observed effect of prestrain on the hardness during aging is consistent with that observed by Deschamps and co-workers. Figure 3 shows the S and W parameters measured for the as-quenched samples, the 8% deformed samples, and the fractured samples. All S-W couples are normalized to that of annealed pure iron ͑S = 0.466 and W = 0.118͒. As indicated in Fig. 3 , the S-W couples of all the as-quenched alloys and the annealed pure iron are very close to that of as-quenched pure iron. This confirms earlier reports 33 that it is difficult to form open-volume defects in iron by thermal processes. The S-W couples of the deformed samples show a common linear behavior: S increases and W decreases with increasing strain levels. This means that in all the investigated alloys, the same types of defects ͑predominantly dislocations͒ are generated by tensile deformation. Among the S-W couples of fractured tensile samples, the Fe-Cu alloy exhibits the largest shift. In Fig. 4 , the S-W couples of pure iron are shown after deformation and subsequent aging at 550°C for 15 min. After aging, the S-W couples of the deformed as-quenched and annealed samples almost return to their initial position. This suggests that the open-volume defects introduced by plastic deformation can be recovered almost completely ͑Ͼ93%, calculated from the change in S parameter͒ by selfdiffusion of Fe atoms during the aging step ͑independent of the heat treatment before the tensile deformation͒.
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B. Positron annihilation
Evaluation of the S and W parameters
In Fig. 5 , the evolution of the normalized S-W couples ͑normalized to the value of annealed pure Fe͒ of the Fe-Cu and Fe-Cu-B-N alloys is shown after tensile deformation and subsequent aging. For the as-quenched samples, both alloys show an obvious recovery of the change in S parameter induced by deformation during the initial stage of the subsequent aging. In addition, the W parameter strongly increases during aging and approaches the value obtained for pure Cu after an aging time of 1-2 h for the Fe-Cu alloy and 0.25-0.5 h for the Fe-Cu-B-N alloy. For longer aging times, a clear shift in S-W couples is observed toward the point associated with open-volume defects. For undeformed Fe-Cu with a similar composition, the turn in S-W couples was observed at a significantly longer aging time of 10 h, 23 indicating the Cu precipitation is promoted by the presence of dislocations introduced by predeformation. The difference in evolution of the S-W couples during aging for both as-quenched alloys shows that the precipitation kinetics of the Fe-Cu-B-N alloy is faster than that of the Fe-Cu alloy, suggesting that the diffusion of Cu is promoted by the addition of B and N. The mechanism responsible for the accelerated Cu precipitation by added B and N is still ambiguous. A possible explanation for the accelerated Cu precipitation in the Fe-Cu-B-N samples may be that the dislocations created by prestrain are filled with N and/or B. This can prevent decoration of dislocations with copper and thereby leads to a higher effective Cu concentration in the matrix in comparison to the Fe-Cu system. The presence of N and/or B at interfaces and dislocations is also expected to significantly reduce the interfacial energy and can thereby lower the energy barrier for Cu nucleation.
It is interesting to note that positrons are not trapped by the isolated Cu atoms in the supersaturated as-quenched Fe-Cu alloy, but evidently are trapped by the Cu clusters ͑precipitates͒. Since the positron affinity of Cu is about 1 eV lower than that of Fe, 34 the Cu cluster can be regarded as a potential well with a depth of 1 eV for the positron. When the size of the potential well is larger than the zero-point motion of the positron, the positron can be trapped in a bound state. For a spherical Cu cluster, the positron can only be trapped when the diameter of the cluster is larger than 0.6 nm. 23, 25 In the initial stage of aging, the copper precipitates have the same bcc structure as the Fe-Cu matrix and there- fore they are completely coherent with matrix.
For the Fe-Cu alloy, the precipitates reach the critical size for the martensitic transformation from bcc structure to the less-coherent 9R structure after an aging time of 1 h. This change in structure leads to the formation of open-volume defects at the interface of the precipitate. Thus, the change in behavior for aging times longer than 1 h for the Fe-Cu alloy can be regarded as the onset of bcc→ 9R phase transformation. The semicoherent precipitates with a 9R structure continue to transform upon growth into a transitional 3R structure and finally reach the equilibrium fcc structure which has an incoherent interface with the bcc matrix. This sequence of transformations during aging results in an increasing misfit accompanied by the formation of open-volume defects at the interface between the precipitates and matrix. Our positron data suggest a similar precipitation sequence for the Fe-Cu-B-N alloy. The quantitative determination of these reference points will be discussed in the next section.
Decomposition of the coincidence Doppler broadening spectra
A quantitative analysis of the evolution of open defects during Cu precipitation and the coherency loss is of significant importance for the development of the strengthening theory 14, 30, 35 and clarification of the self-healing mechanism. As discussed in the previous section, the S-W couples give a qualitative indication of the evolution of Cu precipitates and open-volume defect signatures of the positron trapping sites. However, for a quantitative analysis, a detailed analysis of the whole coincidence Doppler broadening spectra is required. Figure 6 shows the momentum spectra of the Fe-Cu and Fe-Cu-B-N alloys obtained from the coincidence Doppler broadening measurements. Data are plotted as the relative difference ͑ − Fe ͒ / Fe of the momentum spectrum with respect to the momentum spectrum obtained for annealed pure iron Fe as a function of the electron momentum p L . In Figs. 6͑a͒ and 6͑b͒, the ratio curves are shown for the Fe-Cu and the Fe-Cu-B-N alloys, respectively. For clarity, an enlargement of the low-momentum region ͉͑p L ͉ Յ 10 −2 m 0 c͒ is shown in Figs. 6͑c͒ and 6͑d͒ for both alloys. In order to estimate the contributions from annihilations at Cu precipitates and of open-volume defects, the ratio curves of the annealed pure Cu and the fully strained ͑until fracture͒ alloys are also measured.
The as-quenched alloys exhibit a ratio curve that is virtually zero over the whole momentum range. The subsequent 8% tensile deformation results in a ratio curve that closely resembles a scaled version of the maximum deformed sample, indicating a continuous built up of defects in correspondence with the behavior of the S-W couples in Fig. 3 . For the Fe-Cu alloy, aging of the deformed sample gives rise to a rapid change around 24ϫ 10 −3 m 0 c, indicating the appearance of a copper signature. For aging times up to 1 h, the peak around 24ϫ 10 −3 m 0 c, characteristic for the 3d electrons of pure copper, 36 grows with the aging time. The Cu peak was found to reach a maximum at an aging time of about 1 h and then descends with further aging. It is interesting to note that the ratio curve of the deformed Fe-Cu alloy after 1 h of aging almost overlaps that of pure Cu, indicating that nearly all positrons annihilate with Cu electrons. In the lowmomentum region ͓Fig. 6͑c͔͒, a continuous rise with aging time is observed after 1 h, indicating a growing contribution from open-volume defects. For the Fe-Cu-B-N alloy, a similar behavior as for the Fe-Cu alloy is observed with faster precipitation kinetics. This behavior is consistent with the aging response on the hardness shown in Fig. 2 . For both alloys, the contribution from Cu decreases with the aging time ͑after reaching a peak͒, while the contribution from Fe increases with the aging time. Assuming that the chance that the positrons annihilate with either Fe or Cu atoms is about equal at the interface, this indicates that for longer aging times, the majority of the positron is trapped at the interface rather than inside the precipitates.
A quantitative chemical analysis of vacancy-solute complexes in aluminum alloys was first proposed by Somoza and co-workers 37 and further developed in later studies. [38] [39] [40] It was found that the CDB spectra for these alloys can be fitted accurately by a linear combination of the CDB spectra of annealed Al and those of the cold-worked pure metals present in the alloy.
The vacancy-formation behavior of iron alloys was however found to differ significantly from that of aluminum alloys. Unlike the obvious increase of the fraction of vacancies in ͑annealed͒ aluminum and aluminum alloys after quenching, 41 there is no distinct evidence for vacancy formation by quenching in iron and Fe-Cu alloys. Experimentally it was found that the mean positron lifetime in pure iron remains unchanged when the quench temperature is varied from 650 to 1150°C. 33 This is supported by our observation that the S-W couples of as-quenched and annealed pure iron are virtually identical and that the S-W couples of the asquenched alloys are very close to that of annealed pure iron. This indicates that in iron alloys, it is very difficult to form open-volume defects or vacancy-solute complexes by thermal processing in the studied temperature range.
Here we use a similar fitting method to that has been presented by Somoza and co-workers. 37 The basis of the analysis is the assumption that the CDB spectrum of the alloy alloy can be fitted by a linear combination of reference spectra for the alloy components
where Matrix Free is the reference spectrum for free positrons annihilating in the alloy matrix, Cu Trap is the reference spectrum for annealed pure Cu, and Defects Trap is the reference spectrum for open-volume defects in the alloy. F is a fraction of the As illustrated in Fig. 7 , the fraction F and the fractional contributions C Cu =1−C Defects were used as the fit parameters for a linear least-squares fit of the experimental spectrum to the reference spectra ͓Eq. ͑1͔͒, neglecting the small contribution to annihilation spectrum originating from the minority alloying elements, such as B, N, and Ce. The calculated spectrum obtained from a linear fit of the reference spectra closely resembles the measured data of the alloy in Fig. 7 . The proposed linear decomposition of the annihilation spectra in reference spectra works remarkably well in both the high-momentum and the low-momentum regions for the Fe-Cu and Fe-Cu-B-N alloys.
Applying the above fitting method to the CBD spectra of Fig. 6 , quantitative estimates for the fractional contributions are obtained. Figure 8 shows the fractional contribution of positrons annihilating at Cu precipitates ͑FC Cu ͒, at openvolume defects ͑FC Defects ͒, and in the matrix ͑1−F͒ as a function of the aging time for the as-quenched and annealed alloys. In case of the as-quenched Fe-Cu alloy, the contribution of open-volume defects strongly increases by the tensile deformation to a value of 38% and nearly vanishes again ͑to a value of 5%͒ during the subsequent initial aging of 0.25-0.5 h. Simultaneously, the contribution of copper climbs quickly from zero to over 80% during aging, which implies that the open defects are mainly filled with copper precipitates. The decoration of dislocations by Cu precipitates during aging has been confirmed in complementary TEM observations on the same alloy. For longer aging times, the fractional contribution of copper reaches a maximum at 1 h and then decreases, while simultaneously the contribution of open defects exhibits a gradual increase. For the Fe-Cu-B-N alloy, the aging evolution of the fractional contributions to the CBD spectra show a similar behavior as that observed for Fe-Cu. The main difference lies in the time scales for the precipitation kinetics. For the as-quenched Fe-Cu-B-N alloy, the maximum contribution of copper and the minimum contribution of open-volume defects are both reached at the shortest annealing time of 0.25 h ͑and may even be reached before this time͒, which is significantly faster than in Fe-Cu. This difference in aging response is consistent with the results obtained in the hardness measurements on both alloys.
The annealed Fe-Cu and Fe-Cu-B-N alloys both show a lower fractional contribution from copper precipitates and open-volume defects. With deformation, new open-volume defects are created and subsequently removed again in the first aging step. The fractional contributions remain about constant during aging up to an aging time of 10 h. For longer aging times, the fractional contribution of open-volume defects increases, while the fractional contribution of Cu precipitates decreases for both the alloys. This indicates that although few new precipitates are expected to be formed in the annealed samples, a similar precipitate coarsening behavior for the present Cu precipitates is observed during the later aging stages, as found for the as-quenched samples. The annealed samples always show a considerable contribution from open-volume defects, which probably originates from a limited coherency of the relatively large Cu precipitates with the matrix. It is expected that the difference in solute concentration and mobility of Cu atoms in the as-quenched and annealed samples accounts for the difference in aging evolution of the open-volume defects. The as-quenched samples are initially in a supersaturated state with uniformly distributed Cu atoms showing a high mobility. In the annealed samples, however, most of the Cu solute are depleted due to the formation of relatively large fcc Cu precipitates that are incoherent with the matrix. The formed precipitates strongly reduce the mobility of the Cu atoms and have already introduced a misfit in the precipitate-matrix interface. In complementary optical microscopy studies on our Fe-Cu alloy, we found chains of coarse precipitates with a size larger than 2 m decorated along the grain boundaries in annealed samples, which were not present in the as-quenched samples. The results in Fig. 8 further indicate that the fractional contribution of the matrix is always higher in the annealed samples than in the as-quenched samples after aging. The presence of a low density of relatively large precipitates in the annealed samples may be responsible for this phenomenon. It is easy to understand that for larger precipitates, the mean distance between the precipitates is longer, resulting in a higher possibility that the positrons will annihilate with the electrons in the defect-free matrix.
IV. CONCLUSIONS
The isothermal precipitation in deformed Fe-Cu and FeCu-B-N alloys is investigated with CDB spectroscopy and hardness test. The evolution of three contributions to positron annihilation spectra, i.e., open-volume defects, Cu precipitates, and Fe matrix, is characterized by extracting the S-W couples and by fitting the CDB spectra by a linear combination of reference spectra. CDB spectra were recorded before deformation, after deformation, and at different time intervals during the subsequent aging at 550°C. The main conclusions are:
͑1͒ The addition of B and N to the Fe-Cu alloy significantly accelerates the Cu precipitation in the as-quenched alloys, manifested by both the hardness tests and the positron annihilation spectroscopy.
͑2͒ The shift in S-W couples of the deformed samples with different strain levels shows a unique linear behavior for all samples: S increases and W decreases for increasing strain levels.
͑3͒ During the initial stage of aging at 550°C, the deformed as-quenched Fe-Cu and Fe-Cu-B-N alloys exhibit a sharp reduction in open-volume defects accompanied with a strong copper signature. This behavior is attributed to the closure of most of the open-volume defects introduced by plastic deformation by copper precipitation. We hereby demonstrated self-healing of damage in Fe-Cu and Fe-Cu-B-N systems.
͑4͒ With further aging, the shift of the S-W couples shows that new open-volume defects are generated for the Fe-Cu ͑after 1-2 h͒ and the Fe-Cu-B-N ͑after 0.25-0.5 h͒ alloys.
For both alloys, the formation of new open-volume defects is observed significantly before the peak hardness is reached during aging, indicating that beyond a critical size, the interface between the copper precipitates and the matrix gradually loses its coherency.
͑5͒ After deformation, the annealed samples show a much slower evolution in the Cu precipitates during aging at 550°C compared to the corresponding as-quenched samples. The open-volume defects in the annealed samples can only be reduced partially.
